Thin oxide films (from one to tens of monolayers) of SiO 2 , MgO, NiO, Al 2 O 3 , Fe x O y , and TiO 2 supported on refractory metal substrates have been prepared by depositing the oxide metal precursor in a background of oxygen (ca 1 × 10 −5 Torr). The thinness of these oxide samples facilitates investigation by an array of surface techniques, many of which are precluded when applied to the corresponding bulk oxide. Layered and mixed binary oxides have been prepared by sequential synthesis of dissimilar oxide layers or co-deposition of two different oxides. Recent work has shown that the underlying oxide substrate can markedly influence the electronic and chemical properties of the overlayer oxide.
INTRODUCTION
Metal oxides are important to a variety of technologies, including catalysis, chemical sensors, corrosion inhibitors, ceramics, and electronic materials. Although considerable efforts have been directed to the study of oxide surfaces, much remains to be understood regarding their properties at the atomic level 43 0066-426X/97/1001-0043$08.00 (1) . Progress has been made in recent years with the use of ultra-high vacuum (UHV) surface-sensitive probes (2, 3) ; however, the charging problems associated with the insulating properties of many oxides has made the application of various modern surface techniques difficult (4, 5) . The poor thermal conductivity of oxides also poses problems with respect to inhomogeneous sample heating and cooling, as well as to controlling heating rates for temperatureprogrammed desorption (TPD) studies.
The growth of ultrathin oxide films on refractory metal substrates offers a solution to many of the experimental difficulties posed by the bulk oxides (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) . The oxide film thicknesses range from less than a monolayer to a few tens of monolayers thick (<100Å). The results to date have demonstrated that ultrathin films with thicknesses greater than several monolayers are completely adequate to simulate bulk-terminated surfaces. These methods have been used in our laboratories to study the physical and surface chemical properties of SiO 2 , MgO, NiO, Al 2 O 3 , Fe x O y , and TiO 2 .
In this article we review recent spectroscopic and chemical studies of ultrathin oxide films. The intention is not to cover the entire literature, but rather to focus on recent studies in our laboratories, emphasizing those results that highlight new concepts and insights into metal oxide surface chemistry. The review begins with a discussion of recent results describing the synthesis of metal oxide thin films, including the synthesis of mixed-oxide interfaces. The succeeding sections describe adsorption and reaction studies recently carried out using metal and mixed-metal oxide thin films. Recent work addressing the use of scanning tunneling microscopy (STM) on thin oxide films follows. Finally, the article concludes with a brief overview of recent work related to metal particles/clusters supported by ultrathin oxide, another important area in which limited dimensionality can play a significant role in altering electronic and chemical properties.
SYNTHESIS

Single-Component Oxides
Ultrathin films of MgO(100) (6) (7) (8) (9) , MgO(111) (10) , NiO(100) (11) (12) (13) (14) , NiO(111) (15) , amorphous SiO 2 (16) , Al 2 O 3 (17) (18) (19) , Fe x O y (20) , and TiO 2 (21) have been prepared on various refractory metal substrates, e.g. Mo(100), Mo(110), Ta(110), and Re(0001). With the exception of SiO 2 (16) , these films have been synthesized by exposure of the clean refractory metal substrate to an evaporated flux of the parent metal in a background pressure of oxygen. The metal sources consist of a high-purity metal ribbon tightly wrapped around tungsten filaments. The flux of the metal is typically calibrated by line-of-sight mass spectrometry during metal deposition and subsequent thermal desorption of the metal from the refractory metal substrate. The growth of the oxide films have been followed by X-ray photoelectron spectroscopy (XPS), Auger electron spectroscopy (AES), low-energy electron diffraction (LEED), ionscattering spectroscopy (ISS), and high-resolution electron energy loss spectroscopy (HREELS) (16) (17) (18) (19) (20) (21) . These data confirm that stoichiometric MgO, NiO, SiO 2 , Al 2 O 3 , Fe x O y , and TiO 2 can be prepared in ultrathin film forms suitable for use with a variety of modern surface spectroscopies.
Layered Binary Oxides
The epitaxial growths of MgO on NiO(100) (22, 23) and of NiO(100) on MgO(100) (23) have been prepared, with the underlying oxide synthesized on Mo(100), as described above. (1 × 1) square LEED patterns were obtained for both the NiO on MgO(100) and the MgO on NiO(100) films grown up to ∼30 monolayers (ML) thick. Indeed, the close lattice match between these rock salt oxides is such that the LEED patterns of the layered NiO/MgO oxides (regardless of order) are of higher quality than the corresponding oxide prepared directly on the Mo(100) metal surface.
Relative ISS intensities from spectra taken as a function of overlayer coverage indicate that NiO on MgO and MgO on NiO behave identically, with overlayer coverages of 1 equivalent ML masking ∼90% of the underlayer; complete masking of the substrate layer occurs by 2 equivalent ML (22, 23) . TPD spectra using NO as a probe molecule yield essentially identical results. The wellresolved desorption features with peak desorption maxima, T p , corresponding to NO on MgO (T p = 120 K) and NiO (T p = 200 K) provide a straightforward method for titrating the exposed sites. ISS and NO-TPD interrogations of the interfacial and thermal stability of the mixed oxide layers have shown that NiO/MgO(100) and MgO/NiO(100) are equally stable. Annealing to 700 K induces a slight overlayer morphology change, determined by ISS, whereas heating to >800 K leads to significant interdiffusion.
Other (26) .
ELECTRONIC PROPERTIES
For thin films of MgO(100) on NiO(100), electron energy loss spectroscopy (ELS) data indicate that two-dimensional band structure growth determines the features of the ELS spectra as a function of MgO coverage within the very low coverage regime (23) . Features at 11.3 and 14.0 eV in the ELS spectrum are associated with the O(2p) → Mg transitions at the Brillouin zone edge (27) and are shifted or missing until two-dimensional growth is nearly complete at ∼2 equivalent ML of MgO on NiO(100).
Thicker films of MgO on NiO have electronic spectra essentially identical to pure MgO films. Increasing the MgO coverage does influence the XPS spectra in that the Ni(2p 3/2 ) binding energy is shifted 1.0 eV toward higher binding energy at 7.5 ML of MgO/NiO(100) coverage. Burke & Goodman (22) interpreted this shift as arising from charge transfer of electron density from MgO to NiO. Recent ab initio calculations (28) , however, have suggested that the shift is consistent with an ionic-like model with small surface relaxations and that such small surface geometry changes have a large impact on the initial states of ions in the oxides. These effects discount the role of charge transfer in the observed XPS shifts.
Films of NiO on MgO(100) (23) that are thicker than 2.8 ML have electronic structure (see Figure 1a) , as measured by ELS, identical to single-crystal NiO(100) (29, 30) . A weak spectral feature at 2.2 eV is apparent in films of <2 ML NiO on MgO(100) and has been assigned to a surface state. The ability to identify such a feature is a measure of the usefulness of the ultrathin film technique; that is, for the thicker film or bulk-terminated oxide, this feature would not be resolved among the bulk electronic transitions. The slight shifts of the NiO features at low coverages on the MgO substrate from their bulk values is believed to result from the small distortions of the octahedral symmetry about the Ni cation sites as the initial NiO layer accommodates to the MgO lattice template. This distortion results in small energy differences that split the degeneracies of the d-levels and alter the electronic excitation energy levels.
The electronic structure of NiO of various thicknesses supported on ∼30 ML of Al 2 O 3 has been investigated by using ELS as well (24) . Alumina ultrathin films present a featureless loss spectrum in the energy range spanning the phonon modes and the optical bandgap (∼2-7 eV), which allows the study of the electronic structure of an overlayer NiO film. The results show that for 1 equivalent ML of NiO coverage, all the features associated with bulk NiO (e.g. a 28-ML film) are present, with no observable shifts. This indicates that the electronic structure of NiO films greater than 1 ML is very similar to that of the thick films and that the support alumina does not influence this electronic structure in any appreciable manner, at least as indicated by ELS.
CHEMISORPTION AND REACTIVITY
Adsorption of CO
MgO(100) Ab initio theoretical calculations predict that CO should bind to a defect-free MgO(100) surface molecularly on top of or near Mg 2+ sites, with the molecular axis perpendicular to the surface plane (31) . The calculated binding energy difference between bonding through the O or C atom is small, but the Mg 2+ -CO configuration is slightly preferred, with a binding energy of ∼9 kcal/mol. These calculations predict a small charge transfer (0.007 e − ) between CO and the surface, involving transfer of electrons from the CO 5σ orbitals to the oxide surface. Experimentally, Guglielminotti et al (32) have identified CO adsorbed on MgO powder using infrared (IR) spectroscopy, but no CO adsorption has been found on stoichiometric MgO(100) surfaces at room temperature.
He et al have studied the adsorption of CO on 7-ML MgO(100) using XPS, TPD, and infrared reflection adsorption spectroscopy (IRAS) (33, 34) . The IRAS spectra obtained upon exposure of CO in UHV exhibit a CO stretch frequency at 2178 cm −1 , which is a 35 cm −1 blueshift with respect to the gasphase absorption (2143 cm
−1
). This is in contrast to the redshift commonly observed with CO adsorbed on transition metals, where π * back-donation from the metal to the adsorbed CO weakens the C-O bond. The forward donation from the slightly antibonding 5σ orbital of CO to the oxide strengthens the C-O bond leading to the observed blueshift and is consistent with charge transfer, as predicted by calculations. This explanation is further supported by XPS measurements, which show a 0.4-eV shift in both Mg(2p) and O(1s) core levels of the MgO(100) film to lower binding energies upon CO adsorption. As the CO coverage increases with ambient background CO pressure (up to 5 × 10
Torr) the CO stretch frequency red shifts back toward the gas-phase value. This arises from lateral electrostatic interactions, whereby an increase in the number of electron donor CO molecules results in a decrease in the charge donation from each molecule.
Isothermal adsorption measurements indicate a heat of adsorption for CO of 9.9 kcal/mol (18, 19) . TPD spectra exhibit a CO desorption peak temperature at 180 K corresponding to a desorption activation energy of 10.6 kcal/mol-both experimental values of the binding energy of CO to MgO(100) agree well with the theoretical result of ∼9 kcal/mol related above.
Very recent XPS and IRAS results for CO on MgO(100) indicate, however, that adsorption is at defect sites. The IRAS spectra for CO adsorbed at 100 K in 1 × 10 −6 Torr ambient pressure show intensities that are much weaker than, for instance, the corresponding intensities for CO adsorption on NiO(100) under the same conditions. What is more, the intrinsic linewidths are very broad, indicating adsorption at heterogeneous sites and not as one would expect from adsorption on majority sites. XPS spectra were taken in the C 1s region during exposure of the MgO(100) thin film while at 5 × 10 −8 Torr background pressure CO and 110 K. The maximum absorption measured on MgO(100) was for a highly defective surface that showed 17% of the uptake of CO compared with uptake on the clean Mo(100) surface under the same conditions (ratio taken from the area under the C 1s curves in both cases). Freshly prepared, oxygenannealed MgO(100) films showed just 2% of the absorption on the clean metal. The uptake could be essentially doubled by brief sputtering or annealing above 1100 K in vacuum-both of these processes create defect sites to which the CO can bind. NiO(100) Calculations indicate that adsorption of CO on NiO(100) is via the C atom at Ni 2+ sites and that the bonding should be primarily electrostatic (35), similar to CO adsorption on MgO(100). Experimentally, no CO adsorption has been found on stoichiometric NiO(100) surfaces at room temperature at low exposures.
Vesecky et al have studied the adsorption of CO on ∼10-ML NiO(100) using TPD and IRAS (36) . The IRAS spectra obtained at low coverages (10% saturation at 95 K) exhibit a CO stretch frequency at 2156 cm −1 , which is a 13-cm −1 blueshift with respect to the gas-phase absorption (2143 cm −1 ). Similar to the results for CO on MgO(100), the forward donation from CO to the oxide strengthens the C-O bond leading to the observed blueshift. As the CO coverage increases, the CO stretch frequency red shifts back to 2142 cm −1 ( Figure 2a ). Isobaric measurements indicate an isosteric heat of adsorption for CO of 10.4 kcal/mol (Figure 2b ). This value agrees well with the TPD data, which give an average heat of adsorption of 10.5 ± 2 kcal/mol.
The singleton blueshift of CO on NiO(100) is ∼22 cm −1 smaller than the same shift found for MgO(100), but the dynamical shift as a function of coverage is larger for CO on NiO(100) (14 cm ) than for CO on MgO(100) (∼6 cm −1 ). CO shows very similar heats of adsorption on the two surfaces. The greater singleton shift on MgO is probably due to its ionicity, which withdraws more charge density from the C-O bond than NiO. Donation of electron density from the slightly antibonding 5σ lone pair orbital to the empty states of the metal cation results in a blueshift of the C-O stretch. CO bonding to NiO may have back-bonding character that attenuates the blueshift, with respect to the same mode for CO/MgO, but the calculations suggest that back-bonding is energetically unfavorable (35, 37) . The stronger redshift with increasing coverage does suggest that the CO/NiO system exhibits more covalent bonding than does the CO/MgO system. Pacchioni et al have proposed, however, that the blueshift is due mainly to the "wall effect" and to the interaction between the CO dynamic dipole and a nonuniform electric field at the surface (37) . The wall effect, a consequence of vibration in the presence of a rigid surface, is thought to dominate on nonpolar surfaces such as MgO(100) and NiO(100). The magnitude of this effect should scale with the strength of the CO-surface bond. But under the low coverage conditions (UHV adsorption), the binding energy of CO to NiO(100) is slightly greater than that for CO/MgO(100), as determined by TPD. Thus, some other mechanism, e.g. back-donation, must account for the differences in the singleton ν(CO) shifts on MgO(100) and NiO(100). NiO(111) The adsorption of CO (38) on NiO(111) has been studied by TPD and HREELS. The electrostatic nature of the CO-NiO interaction seems to dominate bonding on the polar (111) surface. Both the low-coverage blueshift of the ν(CO) mode measured by HREELS and the heat of adsorption measured by TPD are greater for CO adsorption on NiO(111) than on NiO(100). These observations are consistent with the interaction of CO with a stronger electric field at the polar NiO(111) surface than the corresponding field above NiO(100), even for a relaxed or reconstructed <111> face (39).
Other Molecules
MgO(100) The interaction of various Brønsted acids with ultrathin MgO(100) films has been investigated by Wu et al using HREELS and TPD (8, 40, 41) . The acidity of the probe molecules decreased in the order carboxylic acid, methanol and water, alkenes, and alkanes. HREELS results were interpreted to indicate the formation of hydroxyl groups from the carboxylic acids, methanol, and water. Hydroxyl ν(OH) stretching modes were observed with higher frequencies than the ν(OH) modes of multilayers of the hydrogen-bonded parent molecule. This indicated dissociative adsorption of at least some fraction of the molecules and the formation of bound methoxy in the case of methanol. The hydroxyl features were not thermally stable, however, and largely disappeared by ∼400 K. TPD showed only recombinative desorption of the parent molecules, with no dehydration or decomposition. The recombinative desorption was complete below ∼400 K. It should be noted that no dehydration products are seen in the TPD spectra. Therefore, the sensitivity of HREELS may be such that hydroxyl groups are formed only at minority defect sites present on the MgO(100) ultrathin film.
Adsorption of D 2 O on MgO(100) thin films has been studied using TPD, IRAS, and LEED (42) . The epitaxially grown MgO(100) films show virtually identical water TPD spectra (Figure 3a) , as does single-crystal MgO(100) (43) . The TPD spectra are characterized by a narrow desorption peak at 260 K due to the chemisorbed layer, a small feature at 220 K, and a peak at 180 K corresponding to condensed water. The first, chemisorbed layer is essentially invisible in IRAS (Figure 3b) , indicating that the water molecules are inclined with respect to the surface normal, with the planes of the molecules nominally parallel to the surface. In contrast, the small desorption feature at 220 K exhibits a broad IRAS peak at 2637 cm −1 and a narrow feature at 2714 cm surface has been proposed, based on the LEED and IRAS results, and is shown in Figure 4 . This structure implies an absolute coverage of 0.67 ML (D 2 O molecules per Mg cation) for the first, chemisorbed layer.
NiO(100) The interaction of alcohols and formic acid (11, 13) with the NiO(100) surface has been investigated. Methanol and ethanol are found to adsorb molecularly at 90 K and desorb reversibly upon heating. Below 1 ML coverage, no ν(OH) mode intensity is observed by HREELS (Figure 5a ). The remarkable "invisibility" of the O-H stretch is interpreted to be a consequence of the bonding geometry of the alcohol. Both methanol and ethanol appear to bond to Ni cation sites via their oxygen atoms with the methyl or ethyl groups oriented away from the surface. This leaves each alcohols' hydroxyl proton in a position to sample interactions with the four equivalent neighboring lattice oxygen anions, forming hydrogen bonds with the surface (Figure 5b ). The alcoholic protons are mobile to the degree that rotation about the azimuthal barrier allows. The absence of the ν(OH) feature in HREELS spectra of alcohol adsorption on NiO(100) contrasts to the results found for adsorption on MgO(100), where at least partial dissociation was inferred from the frequency of the observed O-H stretch (8) . Again, the difference in reactivity between these two surfaces is a function of the difference in their basicity. MgO is basic enough to remove the slightly acidic alcohol protons, whereas the less basic NiO is not.
The results of adsorption and reaction of formic acid on NiO(100) films indicate that initial adsorption is associative at 90 K but that formate is formed by heterolytic dissociation upon heating to >200 K (11). A monodentate bonding configuration for formate with bonding through the oxygen atom to a Ni cation site has been proposed based on the HREELS data. Upon further heating, formic acid desorbs from the surface between 300 and 400 K by recombination of formate with surface hydrogen. Further study found a minor dehydrogenation/dehydration pathway for formic acid decomposition on NiO(100) (38) . This chemistry is similar to that found for adsorption of carboxylic acids on MgO(100), except for the temperature at which the O-H bond breaks. NiO appears to be basic enough to accommodate proton donation from moderately strong acids; however, neither NiO(100) nor the MgO(100) is highly active for formate decomposition in competition with the recombination and desorption of the parent molecules under UHV conditions. MgO(111) The decomposition pathway for formate on the polar MgO(111) surface has also been studied under UHV conditions (15) . Only dehydration has been observed at temperatures above 500 K, results identical to those obtained on MgO(100) but contrary to the high-pressure results on MgO powders (44) . Abstraction of hydrogen from formate by gas-phase molecules in the high-pressure regime may initiate dehydrogenation, or coadsorbed water may electronically modify the surface to promote dehydrogenation. However, although the detailed decomposition mechanism is unknown, it appears that the presence of hydroxy groups greatly promotes dehydrogenation and that these are present in some concentration even at high temperatures under flowing conditions. In UHV the surface at these temperatures is free of hydroxyl groups, which recombine and desorb ∼300 K. Xu & Goodman (10, 15) have proposed that the ionic nature of the MgO surface induces partial negative charge on the bonding formate oxygen, a corresponding partial positive charge on the carbon, and a partial negative charge on the hydrogen. On the clean (hydroxyl-free) MgO(111) surface, the neighboring ionic oxygens of the lattice destabilize an intermediate involving a partially negative (or even neutral) hydrogen-leaving group, so C-O bond breaking precedes C-H bond breaking, leading to dehydration. On the hydroxylated MgO surface found at higher pressures, the ionic lattice oxygen induces a partial positive charge on the hydroxyl hydrogens. This species, in turn, promotes a slightly negative hydrogen-leaving group from the bound formate, stabilizing the intermediate to C-H bond breaking. This step may indeed be the rate-limiting step for the dehydrogenation pathway. In the absence of these electronic effects [as on the less polar NiO(111) surface] the C-O and C-H bond breaking energies appear to be very similar. NiO(111) There are marked differences in the reactivity of adsorbed formic acid on NiO(111) and NiO(100) (15, 38) . The breaking of the O-H bond and formation of formate on NiO(100) occurred above ∼200 K, but on NiO(111) formic acid adsorbs dissociatively at 100 K. Desorption of formate from NiO(100) is almost completely via recombination to formic acid. But on NiO(111) the desorption pathway is through decomposition, with a branching ratio between dehydrogenation and dehydration near unity (15) , indicating very similar energies for C-H and C-O bond breaking. Furthermore, the reaction temperature for these decomposition pathways is lower on NiO(111) than the minority decomposition route on NiO(100). [The NiO(111) films in this study were completely dehydroxylated by annealing to 850 K.] These differences in reactivity are attributed to enhanced activity of the polar NiO(111) surface for stabilizing products and to the presence of neighboring Ni 2+ reaction sites on NiO(111) that are not available on the NiO(100) surface.
Defects and Reactivity
Defect sites, particularly point defects, are very likely related to the activity of the MgO(100) surface to ethane. Ethane (C 2 H 6 ) and ethylene (C 2 H 4 ) adsorb associatively and desorb molecularly above ∼400 K; no ν(OH) features were observed in the HREELS spectra (41) . However, upon annealing to 1300 K, the adsorption of ethane (but not ethylene) led to a ν(OH) feature in the HREELS spectra that was stable up to 600 K. The annealed MgO(100) surfaces also exhibited a new feature in the band gap region as monitored by ELS. This feature, centered around 0.9 eV, has been attributed to surface defect states with lower coordination numbers (45) . These sites are apparently capable of dissociating ethane.
The defect centers (color centers) generated thermally and by Li doping of MgO(100) have been investigated using ELS and kinetic measurements at elevated pressures (46) (47) (48) (49) (50) for the oxidative coupling of methane to ethane. Annealing above 1100 K generates defects identified in ELS spectra at 1.15, 3.6, and 5.3 eV; they are due to F centers (oxygen defect with a trapped electron pair), F aggregates, and F (or F + ) centers, respectively. Li doping and thermal treatment results in a feature at 1.6 eV that has been attributed to (Li + O − ) centers ( Figure 6 ). The kinetic data for the coupling reaction show an excellent correlation between kinetic data for the model Li/MgO(100) catalyst and the 
Adsorption on Layered Oxides
NiO(100)/Al 2 O 3 The chemical properties of thin (<3 ML) NiO films are very different from those of thick (>3 ML) films (24) . Xu et al (24) , using CO as a probe molecule, made TPD and IRAS measurements in order to explore the chemical properties of the films. The peak temperature of CO desorption from NiO on Al 2 O 3 converges with that for NiO bulk at ∼10 ML of NiO. After annealing to 800 K, films <10 ML thick show a high-temperature feature on the TPD spectra characteristic of CO desorption from metallic Ni. Even thinner NiO films (∼1 ML) exhibit, after annealing to 800 K, a broad high-temperature CO desorption feature different from CO desorption from either NiO or Ni. The presence of three adsorption sites on these very thin, thermally treated NiO/Al 2 O 3 films was corroborated by IRAS of adsorbed CO. IR absorption due to CO adsorbed on NiO is found at 2182 cm −1 , while that due to CO on metallic Ni atop sites is observed near 2100 cm has been assigned to adsorption at Ni + sites at the interface, in agreement with other IR studies of NiO (51) and of Ni (52) supported on powdered Al 2 O 3 . The reactivity of the 1-ML films of NiO on Al 2 O 3 toward CO was investigated by monitoring CO 2 production from the surface in pressures of CO as high as 1 × 10 −7 Torr. A desorption feature indicative of the reaction between lattice oxygen and CO appears at ∼500 K, and attenuates in subsequent temperature programmed reactions, leaving metallic Ni on the surface. Neither Al 2 O 3 nor bulk-like NiO films react (via oxidation) with CO at temperatures up to 800 K.
MgO(100)/NiO(100) AND NiO(100)/MgO(100) The adsorption of NO on layered, binary oxides consisting of NiO and MgO has been recently investigated (53) . For NO adsorbed onto NiO(100) grown on MgO(100), several layers (>3 ML) were found to be necessary to simulate NO binding to bulk NiO(100) (see Figure 7 ). The implication of this result is that although electronic probes such as ELS suggest bulk-like properties at 1-2 ML, subtle chemical probes show that at least in certain cases, several layers may be required to properly model the surface of the bulk oxide.
The influence of MgO on NO adsorption on NiO has also been studied using TPD and IRAS (53) . A long-range, substrate-mediated interaction has been found between NO and coadsorbed MgO on the NiO(100)/MgO(100) surface. tetrahedral molybdate were identified with HREELS. The intensity of the Mo= =O loss (∼1000 cm −1 ) of unsupported molybdate decreases after several runs of methanol adsorption/desorption. The M= =O feature appears in the MoO 3 /alumina system only after annealing to >800 K, apparently as a result of auto-oxidation. With the increase in intensity of the vibrational loss at 1000 cm −1 , there is a concomitant rise in a feature in the ELS spectrum at ∼1.8 eV, which is associated with d-d transitions in MoO 2 . Thermal treatment of the as-deposited film leads to the appearance of the Mo= =O mode in the vibrational spectrum and recovery of the intensity lost following methanol adsorption/reaction. The underlying alumina layer does not show activity toward reaction following methanol adsorption, but it does influence the first layer molybdate, as evidenced by shifts in the spectra of the electronic transitions (26) .
SCANNING PROBE IMAGING
Very recent work in our laboratory has used STM to investigate the morphology of ultrathin metal oxides and metal particles supported on the ultrathin oxide films (see next section). The imaging of the oxide ultrathin films is a balance between sufficient conduction through the oxide and direct tunneling to the metal. Films that are too thick are difficult to image because of the poor conduction, and films too thin yield unreliable scanning tunneling spectroscopy (STS) results, owing to the interference of substrate metal electronic states. Nevertheless, our results show considerable detail with regard to oxide surface morphology and electronic structure. For example, the STM image of a MgO(100) film grown on Mo(100) clearly shows the mircrostructure of the film and indicates that the domain sizes of the overlayer films are several tens of nanometers (54) (see Figure 8 ). The optimal film thickness for the STM image is between about 10 and 30Å, which varies also with individual oxides. The bandgap for a 10-Å thick Al 2 O 3 film supported on the Re(0001) surface determined using STS is, for instance, in very good agreement with the one measured for bulk-terminated Al 2 O 3 surface using ELS, and no indication for direct tunneling into the substrate was observed. Recently, we have obtained atomically resolved images for TiO 2 film epitaxially grown on the Mo(100) surface. Owing to the excellent lattice match between Mo(100) and TiO 2 (001) faces (4.45 vs 4.59Å), the TiO 2 film grows with the (001) face parallel to the Mo(100) surface. Because of the presence of low coordination of Ti cations (fourfold coordinated), the TiO 2 (001) surface is thermodynamically rather unstable and tends to reconstruct. This reconstruction has been previously studied using LEED and incorrectly described as a (2 × 1) reconstruction resulting in the (011) microfacet (the error arose because information on the azimuthal orientation of the crystal was lacking). Using Mo(100) as a register and as calibration for the orientation and lattice constants, as well as the real space information provided by the STM, our combined STM and LEED results have suggested a 2 √ 2x √ 2 reconstruction, resulting in the (110) facet (21).
OXIDE-SUPPORTED METAL PARTICLES/CLUSTERS
A considerable amount of work in this laboratory has focused on the use of well-characterized ultrathin oxide films as supports for metal particles that serve as models for practical catalysts (18, (55) (56) (57) (58) (59) (60) (61) (62) (63) (64) (65) (66) (67) (68) . The metal particles have been prepared by evaporation of thin layers of the metal of interest onto the corresponding thin-film oxide surface. By properly defining the metal thin film thickness, metal particles of varying sizes can be synthesized with dispersions from a few nanometers to tens of nanometers. Such studies have provided access to detailed information with respect to the energetics and morphology of small metal particles supported on oxides. For example, for Ni, Pd, and Cu supported on SiO 2 and Al 2 O 3 , the initial sublimation energy of the supported metal particles decreases significantly with a decrease in the metal coverage, reflecting the change in metal coordination with particle size. Furthermore, the morphology of the supported metal particles can be monitored with TPD and IRAS by using CO as a probe. These results show that Ni, Cu, and Pd deposited onto oxide surfaces typically form three-dimensional clusters upon heating. UHV-STM has been utilized and correlated with the IRAS studies to provide detailed information regarding the size and shape of the supported metal particles. Furthermore, the adsorption and reaction of CO on silica-supported Pd particles have been investigated over a range of temperatures and pressures, using kinetics measurements, reflectance IR spectroscopy, and STM to demonstrate the continuity between catalysis on Pd single crystals and small Pd particles.
The ability to determine the morphology of metal particles supported on oxide surfaces and to monitor the changes undergone as a function of coverage or temperature is important for understanding the sintering process and the stability of small structures. STM images of Ni particles on Al 2 O 3 are shown in Figure 9 (a-c). The Al 2 O 3 films were prepared on Re(0001) and are 3.6 ML thick (∼20Å) (69) . Second-layer alumina features appear as the lighter background areas of Figure 9b . The Ni particles were deposited at room temperature, and the images were obtained at room temperature. The Ni particles appear as circular white areas in the images. At both 0.1 ML (Figure 9b ) and 0.5 ML (Figure 9a ) Ni coverages, the particles formed are similar in that they are fairly monodisperse, with apparent diameters of 20-30Å. Annealing the 0.5-ML Ni/Al 2 O 3 system to 900 K causes the Ni particles to aggregate. The resulting particles are ∼50Å in diameter.
STS measurements have recently been carried out on the Ni particles at 0.1-ML coverage supported on 3.6-ML Al 2 O 3 (70) . These results are displayed in Figure 10 with the corresponding topographic scan (300 × 300Å, 5 V bias, 1.5 nA). The STS data were acquired during the topographic scan by stopping the scan at selected pixels, interrupting the STM feedback loop, and then sweeping the bias voltage through the region of interest. The topographic scan can be used to correlate the STS curve with a particular geometric feature and provides a check for tip stability during the measurements as well. Four I-V curves are shown in the right panel of Figure 10 ; these were averaged over 8 (area 1), 156 (area 2), 140 (area 3), and 8 (area 4) points within the square areas indicated in the topographic scan.
Curves 2 and 3, acquired for the Al 2 O 3 substrate, show a STS-indicated bandgap of ca 6 eV, which is consistent with the insulating nature of the Al 2 O 3 film and with previous (71) ELS measurements, although significantly smaller than the Al 2 O 3 bulk bandgap of 8.7 eV. This reduction in the surface bandgap from that of the bulk has been attributed to the lower coordination of the surface atoms compared with the bulk atoms (71) .
Area 3 in Figure 10 is recessed ca 3Å compared with area 2 and corresponds to a single step in the Al 2 O 3 film. A much deeper step (ca 9Å) around area 1 is also seen in Figure 10 . STS (I-V curve 1) of area 1 shows a nonzero current at 0 + and 0 − bias voltage, indicating metallic character within this area. Area 1 thus likely corresponds to the Re substrate, which is either covered with chemisorbed oxygen or is in the form of ReO 3 , a metallic oxide.
An I-V curve acquired for a Ni cluster with a diameter of 15Å and a height of 6Å is shown in Figure 10 (curve 4). Very similar I-V curves were obtained for other Ni clusters of comparable sizes, all indicating a bandgap of ca 0.6 eV near the Fermi level. Quantum size effects are considered the cause of this depletion of the density of states (72, 73) . 10 ] with MgO(111) has been characterized by IRAS and TPD (74, 75) . The surface-bound species decarbonylate upon heating to ∼400 K; the most stable species is a rhenium tricarbonyl [Re(CO) 3 -{OMg} 3 ] with C 3v symmetry. This species has been identified on MgO powders (76) , which are predominantly MgO(100), and its presence on the model MgO(111) surface strongly suggests that the rhenium subcarbonyls are bonded to defect sites or faces other than the <100> face of the MgO powders. Upon heating to >600 K, the subcarbonyls completely decarbonylate, leaving rhenium metal particles bound to the surface.
CONCLUSIONS
The growth of ultrathin films on refractory metal substrates provides a convenient method for studying insulating oxides with the full complement of surface techniques. The use of charged particle probes without the attendant charging problems previously encountered greatly expands our ability to investigate the surface chemical properties of oxides on the microscopic scale. Furthermore, layered, binary oxides have also been synthesized by the sequential evaporation of two dissimilar oxide films. For the layered oxides, recent work has shown that the underlying oxide substrate can markedly influence the electronic and chemical properties of the overlayer oxide, a result relevant to the special catalytic properties of oxides dispersed on other oxides. Furthermore, scanning probe microscopies can be directly applied to these surfaces in order to investigate their microstructure. The results obtained thus far suggest that these kinds of investigations offer unprecedented opportunities to address the molecular details of the surface chemistry of oxides.
